ULX-1. We confirm the previous suggestion 8 that the system contains a Wolf-Rayet star, and and reveal that the orbital period is 8.2 days. The black hole has a minimum mass of 5M ⊙ , and more probably a mass of 20 − 30M ⊙ , but we argue that it is very unlikely to be 1 an intermediate-mass black hole. Therefore its exceptionally soft spectra at high Eddinton ratios violate the expectations for accretion onto stellar-mass black holes 9-11 . Accretion must occur from captured stellar wind, which has hitherto been thought to be so inefficient that it could not power an ultraluminous source 12, 13 .
an intermediate-mass black hole. Therefore its exceptionally soft spectra at high Eddinton ratios violate the expectations for accretion onto stellar-mass black holes [9] [10] [11] . Accretion must occur from captured stellar wind, which has hitherto been thought to be so inefficient that it could not power an ultraluminous source 12, 13 .
While it is desirable to obtain the primary mass for ultraluminous X-ray sources (ULXs) through measuring the motion of its companion, this is only possible in the X-ray low state because the X-ray irradiated accretion disk will dominate the optical light in the high state 14, 15 . A spectroscopic monitoring campaign for M101 ULX-1 was carried out from February to May 2010 during its expected X-ray low states. The optical spectrum ( Figure 1 ) is characterized by broad helium emission lines, including the He II 4686Å line. Given the absence of broad hydrogen emission lines, which are detected in some ULXs from their X-ray irradiated accretion disk at very high luminosities 14, 15 , the donor cannot be hydrogen rich, and thus must be a Wolf-Rayet (WR) star or a helium white dwarf. The latter can be excluded because a white dwarf is roughly a million times dimmer than the observed optical counterpart even during the low states. Indeed, the optical spectrum is unique to WR stars, and the intensities of the helium emission lines can be reproduced
well by an atmospheric model 16 of a WR star, the mass of which is estimated to be 19M ⊙ based on the empirical mass-luminosity relation 17, 18 . Given the relatively low luminosities in the X-ray low state, the helium emission lines are expected to originate mainly from the WR secondary with little contribution from the accretion disk. Such emission lines have been used to measure the black hole (BH) mass in both IC10 X-1 (21 − 35M ⊙ ) 19, 20 and NGC300 X-1 (12 − 24M ⊙ ) 21, 22 , systems which exhibit luminosities an order of magnitude lower than the peak luminosity of M101 ULX-1.
Since the centroid of the He II 4686Å emission line varied by ±60 km/s over three months of our monitoring campaign, we have been able to obtain the orbital period of P = 8.2 ± 0.1 days and the mass function f (M * , M • , i) = 0.18 ± 0.03M ⊙ for M101 ULX-1 (Figure 2 ). Because we already know the mass of the donor star we are able to infer the mass of the accretor to be M . The probability of discovering a pole-on binary with i < 3
• ) by mere chance is lower than 0.1% (0.3%). This makes it very unlikely that this system contains an IMBH of 1000M ⊙ (300M ⊙ ). If the peak luminosity of M101 ULX-1 corresponds to less than 30% of the Eddington level -which is commonly-assumed to be required to produce the thermally-dominated spectral state 9, 23 -then the BH mass would exceed 50 − 80M ⊙ . The true BH mass seems likely to be ∼ 20 − 30M ⊙ (see the Supplementary
Information for details).
The confirmation of a WR star in the system, independent of the dynamical mass measurement, also suggests that M101 ULX-1 is unlikely to be an IMBH. IMBHs cannot form directly through the collapse of massive stars, but it is suggested that they can form through mergers in dense stellar environments 24, 25 . However, any IMBH formed would not be seen as a ULX unless they capture a companion as a reservoir from which to accrete matter. Such a capture is a rare event even in dense stellar environments such as globular clusters or galactic bulges, to which M101 ULX-1 apparently does not belong, and captures that can provide high-enough accretion rates to power a ULX are even more unusual 26, 27 . Given the rarity of WR stars, with roughly 2000 WR stars out of 200 billions of stars in a typical spiral galaxy like the Milky Way 18 , it is extremely unlikely that M101 ULX-1 is such a revived IMBH. Alternatively a huge population of IMBHs would somehow remain undetected, both with and without companions.
M101 ULX-1 is thus a stellar black hole, although it is a member of the class of supersoft ULXs which have been considered to be outstanding IMBH candidates 4, 5 . Its combination of high luminosities and low disk temperatures ( Figure 3 ) strains our current understanding of accretion by stellar-mass BHs [9] [10] [11] . Studies of Galactic black hole X-ray binaries suggest that radiation at less than roughly 30% of the Eddington luminosity is dominated by the thermal emission from a hot disk (∼ 1 keV). A hard power-law component due to Comptonization by the disk corona becomes more and more significant when the luminosity increases to near-Eddington levels. When the luminosity increases further to Eddington or super-Eddington levels, the Comptonized component begins to dominate over the disk component, as observed for ULXs in the ultraluminous state 2, 6 .
For example, the ultraluminous microquasar in M31 with a stellar-mass black hole (∼ 10M ⊙ ) and a luminosity of 10 39 erg s −1 exhibited hard X-ray spectra 28 . If it were the same phenomenon, a hard X-ray spectra would be expected for a stellar-mass BH in M101 ULX-1, whether it is radiating at sub-, near-or super-Eddington luminosities. The observed supersoft X-ray spectra lack hard photons above 1.5 keV, and can be described purely by cool accretion disks, uncomplicated M101 ULX-1 is the third known WR/BH binary but is distinctly different from NGC 300
X-1 and IC 10 X-1. While M101 ULX-1 is a recurrent transient with supersoft spectra and low disk temperatures, both IC 10 X-1 and NGC 300 X-1 show constant X-ray output (despite apparent variations due to orbital modulation), hard spectra with a minor disk component, and disk temperatures above 1 keV 19, 21, 29 ( Figure 3 ). Hence the compact object in M101 ULX-1 was considered to be an excellent IMBH candidate, while IC 10 X-1 and NGC 300 X-1 were expected to host stellar mass black holes (as was later confirmed). The 8.2-day orbital period shows that M101 ULX-1 is a wide binary, with components which would be separated by
The Roche lobe radius for the secondary is always greater than 22R ⊙ , twice as large as the WR star itself. Mass transfer by Roche lobe overflow is thus impossible, and the black hole must be accreting matter by capturing the thick stellar wind. Given the geometry of the system, the disk is very large, and thus there will be a helium partial ionization zone. Such a disk is prone to instability, causing the observed X-ray transient behaviors for M101 ULX-1. In contrast, IC 10 X-1 and NGC 300 X-1 have shorter orbital periods (34.9 hr and 32.3 hr respectively) and smaller separations (∼ 20R ⊙ ). Since those WR stars fill their Roche lobes, the BHs accrete via
Roche-lobe overflow. These systems also have much smaller and hotter accretion disks without helium partial ionization zones, which explains why IC 10 X-1 and NGC 300 X-1 do not display disk-instability outbursts (see also the Supplementary Information).
Mass transfer through wind-accretion usually has a very low efficiency, as in the case of many low-luminosity high mass X-ray binaries, and is typically not considered for populations that require high accretion rates. However, M101 ULX-1 demonstrates that this expectation is not always correct. with a sine curve suggests that the orbital eccentricity is small. This leads to a mass function
= 0.18 ± 0.03M ⊙ , where the error accounts for the 68.3% uncertainties in P and K. Table 1 lists the observations taken in ten nights distributed from February to May, with a total exposure of 15.6 hours. All exposures were taken with the 0. ′′ 75 slit and the B600 grating tuned for a wavelength coverage from 4000Å to 6900Å; such a slit/grating combination will yield a spectral resolution of about 4.5Å. We followed standard procedures to reduce the observations and extract 1-D spectra using the gmos package in IRAF. All consecutive sub-exposures during one night were combined into one spectrum to increase the signal-to-noise ratio, and we obtained ten spectra with exposure times ranging from 3200 seconds to 9600 seconds (Extended Data Table 1 ).
For each spectrum, the wavelength solution was obtained using the Copper-Argon arc lamp spectra taken with the same slit/grating setting right before and after the science exposures during the same night or occasionally the night after. We verified the wavelength solution by comparing thus obtained wavelengths to the intrinsic wavelengths for a dozen of strong night sky emission lines identified in the spectra before sky subtraction, and revealed wavelength differences with a dispersion of about 0.25Å, or ∼ 15 km/s. The extracted spectra were converted to flux spectra using the standard star HZ44 taken during the night of February 15, and we scaled the spectra to have f λ = 1.5 × 10 −18 erg/s/cm 2 /Å at 5500Å corresponding to F555W = 23.5 mag based on previous HST/WFPC2 observations 8 . Figure 1 shows the flux-calibrated sky-subtracted spectrum combined from the ten spectra.
The combined spectrum is free of absorption lines but abundant in emission lines as identified and listed in Extended Data Table 2 Table 2 ). The shifts of the line centers were also measured for individual spectra, with the barycentric correction computed using the rvsao package in IRAF as listed in Extended Data Table 1 Table 2 ), we find 12 + log(O/H) = 8.70, close to solar metallicity (8.66 ). This is higher than but marginally consistent with the value of 0.4× solar according to the M101 gas-phase oxygen abundance gradient 33 given the location of ULX-1. The observed Balmer line flux ratios can be used to infer the dust extinction between the nebula and the observer. In the nebular emission around ULX-1, the intrinsic ratio H α /H β is 2.74 in case B for a thermal temperature of T=20,000K 38 . Assuming E(B-V) = 0.1 mag, then
A 6564 = 0.250mag, A 4863 = 0.360mag, ∆A = 0.11 mag, ∆H α /∆H β = 1.1, and reddened H α /H β ∼ 3. The observed H α /H β is 2.85, suggesting that the extinction is low, and using the Galactic value is reasonable.
ULX-1 is a Wolf-Rayet binary of the WN subclass
The broad helium emission lines in the newly obtained Gemini/GMOS spectrum are typical of an extremely hot, hydrogen depleted Wolf-Rayet star. Accretion disks around a compact object can also give rise to broad helium emission lines, but broad Balmer line is expected to be present and much stronger than the helium lines. Indeed, broad H β emission lines are present in two ULXs with optical spectra (4000-5400Å), NGC1313 X-2 14 and NGC 5408 X-1 15 , and are stronger than the He II 4686 emission line. In the ULX-1 spectrum (Figure 1 ), while the Balmer emission lines are present, they are narrow emission lines like forbidden lines, and should come from the surrounding nebulae, as evidenced by their nearly constant line shifts from observation to observation, in distinct contrast to helium lines with line shift difference of ±60 km/s.
The sub-type of this Wolf-Rayet star can be determined from the presence or absence of line species in the spectrum 18 . There are two main types of Wolf-Rayet stars, WN stars with 41 . Such a subtype is roughly consistent with its absolute magnitude of M V = -5.9 mag (after extinction correction using Galactic E(B-V) = 0.1 mag and R V = 3.1), and the effective temperature of about 50 kK derived from its broad-band spectral energy distribution 8 .
Physical parameters for the Wolf-Rayet star
As for the case of NGC 300 X-1 22 , we have calculated synthetic models using the line-blanketed, non-local thermodynamic equilibrium model atmosphere code 16 . To select the best physical parameters of the WR star, we compare the model equivalent width with observed values for the six helium emission lines and minimize the quantity ∆ 2 = i (EW − EW i ) 2 . In all model calculations, elemental abundances are set to 40 percent of the solar value for the metallicity of 0.4Z ⊙ at the location of ULX-1. We vary the stellar radius R * between 4 to 20R ⊙ , stellar mass M * between 5 − 35M ⊙ , stellar luminosity L * between 5 − 100 × 10 4 L ⊙ , the outer radius for line-forming region R MAX up to 40R ⊙ , the terminal velocity v ∞ between 400 − 2000 km/s, and the stellar wind mass loss rateṀ * between 5 − 100 × 10 −6 M ⊙ /yr.
We have run ∼ 5000 models with the combination of stellar mass, radius and luminosity determined by the stellar evolution tracks 42 of Z = 0.4Z ⊙ for all possible WN stars, and another ∼ 5000 models with "fake" stars whose mass, radius and luminosity are completely independent of each other. After a total of ∼ 10000 model evaluations, a best fitting model is found
The model reproduces the helium emission lines extremely well (Extended Data Table 2) , with an average difference of |∆| = 0.6Å. In comparison, the majority of models and all models with "fake" stellar parameters are much worse-fitting with ∆ 2 >> 10 (Extended Data Figure 2 ). Based on the ∆ 2 distribution, our model evaluations picked up the stellar parameters effectively, and we estimate, with equivalently ∆χ 2 = 1, the errors to bė M * = 2 ± 0.5 × 10 −5 M ⊙ /yr, and v ∞ = 1300 ± 100 km/s. Note that, if we adopt a solar metalicity, as allowed by the abundance indicator N2 ≡ [NII]λ6583/H α , the best model will change to
This is consistent with the 0.4Z ⊙ results within the errors except for a significantly higher terminal velocity.
The stellar parameters of this best model belong to a "real" WN star from the stellar evolution tracks, with an effective temperature of 48 kK, an initial mass of 42M ⊙ , an age of about 5 Myrs, and a remaining lifetime of about 0.3 Myrs before it loses another ∼ 6M ⊙ and collapses into a black hole of ∼ 12M ⊙ . This model is actually one of the best models derived from studies of the optical spectral energy distribution 8 . Comparing to the physical properties of WR stars in the Milky Way 18 , we find that T * , L * ,Ṁ * , and v ∞ are consistent with those for a WN7/WN8 star. The absolute magnitude M V for ULX-1 (M V = −5.9 mag after extinction correction) is brighter by 0.5 mag, fully within the spread of absolute magnitudes for WN subtypes.
The mass of the WR star can be more reliably estimated with the the empirical massluminosity relation 17, 18 as done for NGC 300 X-1 22 . In our case, L * = 5.4 × 10 5 L ⊙ , this corresponds to a WR mass of 19M ⊙ , quite consistent with the mass for the best model. The luminosity derived for solar metalicity will correspond to a WR mass of 18M ⊙ . Hereafter we will use 19M ⊙ for the WR mass, with an estimated formal error of 1M ⊙ to roughly reflect the difference between the model value and the empirical value. Given the stellar mass and radius of 10.7R ⊙ , we can obtain the orbital period 43 as P = ρ/110hr ≃ 72hr if the WR star is filling its Roche lobe. The true orbital period will be longer than 72 hrs if the WR star is only filling part of its Roche lobe.
Search for orbital periodicity
The radial velocity changes between 210 km/s and 330 km/s as measured by the HeII 4686 emission line should reflect the orbital motion of the WR star. While broad HeII 4686 emission line can be produced from the X-ray heated accretion disk in some ULXs with rather high X-ray luminosities (e.g., in NGC 1313 X-2 with ∼ 10 40 erg/s 14 ), this should not be the case for M101
ULX-1 because its X-ray luminosities during the Gemini/GMOS observations were three orders of magnitude lower, and the disk heating effects are insignificant even in its outburst based on the optical studies 8 . In addition, the line ratios for the heated accretion disk are different from the line ratios for the WR star because the emission line forming regions and temperature structures are quite different, yet the observed line ratios can be well reproduced by the WR star.
In order to search for the orbital periodicity, we assume a circular orbit and fit a since curve v r = v 0 + K sin[2π(t−t 1 )/P + φ] to nine barycenter-corrected radial velocities; the radial velocity for March 17th was dropped from the analysis because the spectrum had a very low signal-tonoise ratio. The four parameters are the radial velocity of the binary mass center v 0 , the radial velocity semi-amplitude K, the orbital period P , and phase φ at the first observation. The search is carried out by minimizing χ 2 defined as The amoeba technique is used for χ 2 minimization, using initial guesses taken from the parameter grids with P from 3 to 10 days in step of 0.01 days, K from 20 to 150 km/s in step of 5 km/s, and
The best solution is found at the minimum χ 2 = 1.6, for which the best period P = 8.24 ± 0.1 days and the best radial velocity semi-amplitude K = 61 ± 5 km/s, with the 68.3% error determined with ∆χ 2 = 1. The fact that the radial velocity curve can be fitted with a sine curve suggests that the orbital eccentricity is small.
Given P and K, the mass function for M101 ULX-1 can be computed as
This sets an absolute lower limit for the mass of the primary.
In the case of ULX-1, more information can be extracted because we already know M * = 19M ⊙ .
Given the equation and NGC 300 X-1.
The recurring X-ray/optical outbursts dictates the presence of an accretion disk prone to instability, and the disk formation under stellar wind accretion places stringent constraints on the binary system. To explore why the number of Galactic X-ray stars is so small, it has been shown 44 that in the case of accretion of stellar wind matter in a detached binary system the specific angular momentum of the matter captured by the compact object is typically small. Therefore, usually no accretion disk is formed around the compact object. Consequently, very special conditions are required for a black hole in a detached binary system to be a strong X-ray source. A disk may form if the specific angular momentum of accreting matter, Q acc = 1 4 2π P r 2 acc , exceeds the specific angular momentum of the particle at the innermost stable circular orbit,
This is usually expressed as P < 4.8
δ 2 hr, where δ ∼ 1 is a dimensionless parameter 19, 45 .
Given P = 8.24 ± 0.1 days and v ∞ = 1300 ± 100 km s −1 for M101 ULX-1, the black hole mass is required to be M • > 80M ⊙ , corresponding to i = 9
• (i.e., nearly face-on). If the wind velocity from the velocity model of the inner wind 16 is adopted, then the black hole mass is required to be
To investigate the possible presence of partial ionization zone, we need to compute the temperature structure T d (r) for the accretion disk, especially for the outer disk. Following the procedures designed for an X-ray irradiated black hole binary model for ULXs 46 , we compute the disk temperature structure for a standard accretion disk with the α prescription 47 plus X-ray irradiation 43 . As shown in Extended Data Figure 5 , regardless of the black hole mass for M101
ULX-1, its outer disk temperature is as low as 4000K in the low-hard state due to its large separation and large disk, and the helium partial ionization zone at about 15000K is bound to exists unless the black hole mass is lower than 5.5M ⊙ . In comparison, the disk temperature for NGC 300 X-1, with an orbital period of 32.8 hrs and its WN5 star (M * = 26M ⊙ , R * = 7.2R ⊙ ) filling its Roche lobe 22 , never drops below 20000K due to its small separation and small disk, and there is no helium partial ionization zone in the disk. This explains naturally why NGC 300 X-1 and similar IC 10 X-1 exhibit steady X-ray radiation despite the apparent variations due to orbital modulation under the edge-on viewing geometry. the Gemini/GMOS spectrum. We have computed synthetic spectra for a group of 5000 real stars from the evolution tracks (as shown by the thick stripes in the mass plot and the radius plot) and for another group of "fake" stars with continuous distributions in mass, radius and luminosity. The best model is labeled by a filled pentagon in all panels. and for the black hole (dashed), the capture radius for the black hole when using the terminal velocity (dash-dotted) or when using a simplified velocity law v(r) = v ∞ (1 − R * /r) (long-short dashed). ULX-1.
